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O’nyong-nyong (ONN) virus is an alphavirus (family Togaviridae, genus Alphavirus) classified in the Semliki Forest virus
(SFV) antigenic complex. ONN was initially isolated in northern Uganda in 1959 during the early stages of an explosive
arbovirus epidemic in which .2 million cases were reported. No additional epidemics or human isolations of ONN were
reported until 1996, when it was isolated from an epidemic in southern Uganda. We report the complete nucleotide and
deduced amino acid sequence of one of these 1996–1997 ONN isolates (SG650) and that of the related alphavirus Igbo Ora
virus. The data indicate that the recent ONN virus isolate is closely related to the previously published ONN strain isolated
in 1959. In addition, phylogenetic analysis of the sequence data reveals that Igbo Ora virus, previously thought to be a
separate virus closely related to ONN and Chikungunya (CHIK), clearly is a strain of ONN. The sequence data also reveal that
unlike the published ONN (1959) sequence, all ONN strains from the 1996–1997 epidemic possess a stop codon at the
nsp3–nsp4 junction. © 1998 Academic Press
INTRODUCTION
O’nyong-nyong virus (ONN) is an alphavirus (family
Togaviridae, genus Alphavirus) that is serologically clas-
sified in the Semliki Forest antigenic complex (Karabat-
sos, 1975). The alphaviruses possess a plus sense sin-
gle-stranded RNA genome of ;11,800 bases. Cross-neu-
tralization, monoclonal antibody mapping, and nucleic
acid sequencing studies have demonstrated that ONN is
most closely related to Chikungunya virus (CHIK) and
that ONN is currently considered a subtype of CHIK
(Blackburn et al., 1995; Chanas et al., 1979; Lee et al.,
1997; Wengler et al., 1977). ONN was initially isolated
from human blood and anopheline mosquitoes obtained
in Gulu, northern Uganda, in 1959 during the early stages
of one the most widespread arbovirus epidemics ever
described (Haddow et al., 1960). The disease was char-
acterized by the sudden onset of fever, headache, joint
pains, rash, and lymphadenitis and was originally
thought to be caused by dengue or CHIK infection (Had-
dow et al., 1960; Shore et al., 1961). Numerous isolations
of the virus were subsequently made from human serum
samples as well as from Anopheles funestus and An.
gambiae mosquitoes, the first recorded virus isolated
from these species of mosquitoes (Williams and Woodall,
1961; Williams et al., 1965). During the next 3 years, the
epidemic spread south and west into the neighboring
countries of Kenya, Tanzania, Zaire, Malawi, and Mozam-
bique, affecting .2 million individuals without any re-
corded fatalities (Williams and Woodall, 1965). Clinical
cases of ONN and virus isolations were not recorded
after 1961; however, serological surveys indicate that the
virus was still circulating in Kenya up to 1969 (Marshall et
al., 1982). In addition, serological testing of febrile trav-
elers who had visited the West African countries of
Ghana, Sierra Leone, and Nigeria in 1974–1975 detected
antibodies to ONN, indicating that sporadic transmission
of the virus in West Africa was still occurring (Woodruff et
al., 1978). In 1978, ONN was isolated from a pool of An.
funestus Giles mosquitoes in eastern Kenya (Johnson et
al., 1981). In limited studies, no vertebrate reservoir has
ever been identified for ONN, suggesting that humans
may be the only natural hosts. In 1966, another alphavi-
rus was isolated from febrile humans in Ibadan and Igbo
Ora in western Nigeria (Olaleye et al., 1988, 1990). The
virus, named Igbo Ora, was serologically related to CHIK
and ONN but distinguishable from both by cross-com-
plement fixation tests (Moore et al., 1975). Igbo Ora was
subsequently isolated from humans and An. funestus
and An. gambiae mosquitoes in the Central African Re-
public in 1967; Ogbomoso, Nigeria, in 1969; and during
an epidemic in the Ivory Coast in 1985 (Lhuillier et al.,
1988; Moore et al., 1975; Olaleye et al., 1988).
In May 1996, clinical cases resembling CHIK/ONN
infection were reported in southern Uganda in the Rakai
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District (Rwaguma et al., 1997). Clinical cases increased
over the next 12–15 months as the epidemic extended
within that district and to parts of the adjacent Masaka
and Mbarara districts of southcentral and southwestern
Uganda (Sanders et al., manuscript in preparation). Initial
virus isolation in suckling mice performed at the Uganda
Virus Research Institute suggested that the etiological
agent was ONN (Rwaguma et al., 1997). Human serum
samples, trapped mosquitoes, and virus isolates passed
in mouse brain sent to the Vector-Borne Infectious Dis-
eases Division of the Centers for Disease Control and
Prevention (CDC) confirmed the presence of ONN
through virus isolation and reverse transcriptase poly-
merase chain reaction (RT-PCR) followed by nucleic acid
sequencing.
We report here the complete nucleotide and deduced
amino acid sequence of one of these 1996–1997 ONN
isolates (SG650), obtained from human serum in Sep-
tember 1996 during the epidemic in Uganda. We also
report the complete nucleotide and deduced amino acid
sequence of the closely related alphavirus, Igbo Ora
virus. The data indicate that the recent ONN virus isolate
is closely related to the previously published ONN Gulu
strain isolated in 1959. In addition, Igbo Ora virus, previ-
ously thought to be a separate virus closely related to
ONN and CHIK, is clearly a strain of ONN; in fact, it is
more closely related to the recent ONN isolate (SG650)
than to the original 1959 isolate.
RESULTS
Nucleic acid and deduced amino acid sequences
The complete nucleic acid sequence for ONN 1996
(11,822 nucleotides; accession no. AF079456) and Igbo
Ora virus (11,821 nucleotides; accession no. AF079457)
have been submitted to GenBank. The complete de-
duced amino acid sequences of these two viruses
aligned with the previously published ONN 1959 se-
quence are displayed in Fig. 1, along with the 39 and 59
noncoding nucleotide regions. ONN 1996 and Igbo Ora
virus differ in length by one nucleotide and collectively
differ in length from the published ONN 1959 (11,835
nucleotides) by 11 and 12 nucleotides, respectively. This
difference in length is due primarily to insertions and
deletions in the 39 noncoding region (Fig. 1B). In addition,
ONN 1959 has one additional codon in nsP3, which is
absent in both ONN 1996 and Igbo Ora (Gly-391). There
are 78 amino acid differences between ONN 1996 and
ONN 1959, 41 amino acid differences between ONN
1996 and Igbo Ora, and 62 amino acid differences be-
tween ONN 1959 and Igbo Ora. Analysis of the percent
identity among the individual genes reveals a similar
overall pattern, in which ONN 1996 and Igbo Ora dem-
onstrate the fewest amino acid differences compared
with the other virus relationships (data not shown). The
locus of highest variability within the coding region of the
genome exists within the carboxyl-terminal 230 amino
acids of nsP3, in which ONN 1959 and ONN 1996 differ
by ;10%. There is one nucleotide substitution at the -9
position preceding the 26S RNA start position in ONN 96
(C-T); however, this substitution is also present in the
Sindbis virus genome (Levinson et al., 1990). The con-
served nucleotide (NTP) binding site of the putative nsP2
helicase (positions 189–193 and 252–255) and the cata-
lytic dyad (Cys-478 and His-548) of the nsP2 protease
domain are conserved among ONN 1996 and Igbo Ora
(Strauss and Strauss, 1994; Strauss et al., 1992). The
catalytic triad of the capsid autoprotease (composed of
histidine-138, aspartic acid-160, and serine-212) is also
conserved (Strauss and Strauss, 1994). All of the previ-
ously identified asparagine-linked glycosylation sites in
the envelope proteins are conserved in ONN 96 and Igbo
Ora (E3–12, E2–263, E2–273, E2–345, and E1–141). The
target sites for viral and host protease cleavage to pro-
duce the mature structural and nonstructural proteins
are also conserved with one exception. At the E3/E2
cleavage site, which is thought to be mediated by a host
cell furin-like proteinase acting after the consensus se-
quence (R-X-K/R-R), ONN 1959 possesses RQKR at this
site, whereas both ONN 1996 and Igbo Ora possess
RQRR, which is identical to SFV, Ross River virus (RRV),
and CHIK virus at this locus (Strauss and Strauss, 1994).
Of particular interest is the presence of an opal termi-
nation codon (TGA) in ONN 1996 near the C-terminus of
nsP3 (amino acid 564), which is present in most other
alphaviruses and is thought to play a regulatory role in
the production of nsP4 (Strauss and Strauss, 1994;
Strauss et al., 1988). This termination codon is altered in
ONN 1959 and in Igbo Ora by a T-C mutation, which
results in an arginine codon replacing the stop codon.
Because of the potential importance of this codon, mul-
tiple isolates of ONN 1996–1997 were RT-PCR amplified
from original serum or mosquito lysates and sequenced
in the nsP3–nsP4 junction to detect the presence or
absence of this opal termination codon. Table 1 displays
the sequence at this nsP3-nsP4 junction for these virus
isolates. Because the opal codon was observed to
change to arginine in one of the isolates passed in Vero
cells (1854), four of these original isolates were passed
five times in Vero cells and each of the virus passages
sequenced over this region. The data for each strain
analyzed reveal that the TGA opal termination codon is
altered to CGA (arginine) by the fifth Vero passage (Table
2). In several cases, a mixed population of viruses was
observed at an earlier passage level with both a T and a
C residue clearly visible in the sequencing chromato-
gram in this position (data not shown).
Phylogenetic analysis of ONN and Igbo Ora viruses
The phylogenetic tree derived from the nucleotide se-
quence of the entire genomes of ONN 1996, ONN 1959,
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FIG. 1. The complete sequence of ONN 1959 (Gulu), ONN 1996 (SG650), and Igbo Ora (IBH10964) viruses. (A) The amino acid sequence of the
coding region of the genome including the 26S RNA junction nucleotide sequence. The amino acids are numbered from the start of each of the viral
proteins. At position 598 of NSP4, the nucleotide and amino acid sequences are displayed to show the initiation site of 26S RNA and the adjacent
nucleotides up to and including the first methionine of the capsid protein. The NTP binding domains of the putative NSP2 helicase starting at positions
189 and 252 are underlined. The catalytic dyad (C-478 and H-548) of the proposed viral protease in the C-terminal portion of NSP2 is boxed. The
glycine residue in NSP3 (G-391), which is not found in ONN 1996 or Igbo Ora, is boxed. The opal termination codon (TGA) near the terminus of NSP3
is indicated by an X in the amino acid sequence and is boxed. The GDD motif in NSP4 (position 465) characteristic of RNA polymerases is boxed.
The alphavirus-conserved amino acids at the proteinase cleavage sites of the nonstructural proteins are underlined; the conserved glycine residue
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Igbo Ora, and the serologically related SFV and RRV is
displayed in Fig 2A. Also shown is the tree constructed
from the nucleotide sequence of the structural gene
region of the genome (Fig. 2B). Phylogenetic trees were
also constructed from the nucleotide sequence of each
of the individual genes, from the 59 and 39 noncoding
regions, and from the deduced amino acid sequence of
the individual proteins as well (data not shown). In every
FIG. 1—Continued
at the -2 position found in each of the nonstructural protein cleavage sites is boxed. The catalytic triad (H-138, D-144, S-212) of the capsid autoprotease
is marked . The asparagine linked glycosylation sites are marked with l. The transmembrane domains of the envelope glycoproteins E2 (366–390)
and E1 (413–437) are underlined. The furin-like cleavage site between E3 and E2 is boxed. (B) The nucleotide sequence of the 59 and 39 untranslated
regions of the genome. The 59 noncoding sequence includes the first methionine codon of NSP1 for reference. In the 39 noncoding sequence, the
TAA termination codon of E1 is underlined. Insertions and/or deletions in the 39 noncoding region are boxed.
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case, the overall tree topology was identical; ONN 1996
and Igbo Ora were the two most closely related viruses
forming a sister group to ONN 1959. In the phylogenetic
tree constructed from the structural region of the ge-
nome, ONN 1996, Igbo Ora, and ONN 1959 viruses ap-
pear as a monophyletic group whose closest neighbor
on the tree is CHIK. Bootstrap resampling analysis (500
iterations) revealed that these phylogenetic relationships
were supported in 99–100% of the constructed trees.
DISCUSSION
The original ONN epidemic in 1959 was one of the
largest arboviral epidemics in recorded history. The ep-
FIG. 1—Continued
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idemic spread rapidly throughout southeastern Africa
and lasted .4 years, ultimately causing illness in .2
million people (Williams and Woodall, 1965). Serological
evidence suggests that ONN transmission may have
continued in East Africa up until 1969 and that transmis-
sion also occurred in West Africa in the mid-1970s (Mar-
shall et al., 1982; Woodruff et al., 1978). However, despite
several attempts, the virus was not isolated again until
1978, when it was isolated from a pool of An. funestus
obtained in Kenya (Johnson et al., 1981). Igbo Ora virus
was first isolated from a febrile patient in Ibadan, Nigeria,
in 1966 and subsequently in the Central African Republic
(1967); in Ogbomoso, Nigeria (1969); and during an epi-
demic in the Ivory Coast in 1985 (Lhuillier et al., 1988;
Moore et al., 1975; Olaleye et al., 1988, 1990). Based on
limited cross-neutralization data, similarities in clinical
disease, and the recovery of the virus from anopheline
mosquitoes, it was postulated that Igbo Ora was a West
African variant of ONN; however, no data were published
in support of this view (Olaleye et al., 1988). In 1996, after
an absence of 35 years, ONN appeared again, causing
an epidemic characterized by similar clinical manifesta-
tions to that of the 1959–1963 epidemic (Rwaguma et al.,
1997). At present, the epidemic appears to be of a
smaller proportion than the 1959–63 epidemic, and it is
not clear whether the epidemic has ended or whether it
continues to extend into new areas.
Twenty ONN virus strains, originating from either hu-
man serum or captured mosquitoes, have been isolated
from the recent epidemic in Uganda. The complete ge-
nome sequence was determined from one strain
(SG650), and partial sequence data (850 BP) from the
nsP3–nsP4 region of the genome were obtained from 12
additional isolates (Table 1, complete data not shown).
The partial sequence data reveal that a single ONN
genotype circulated during the recent epidemic.
Because of unresolved questions concerning the phy-
logenetic relationship between Igbo Ora virus to ONN,
the complete sequence of Igbo Ora virus was also de-
termined. The complete nucleic acid sequence data and
the phylogenetic analysis indicate that ONN 1959, ONN
1996, and Igbo Ora virus are strains of the same virus.
The data do not support the taxonomic classification of
Igbo Ora virus as a separate virus species or as a unique
subtype of CHIK. The percent sequence identity values at
both the nucleotide and amino acid levels indicate that
Igbo Ora virus is more closely related to ONN 1996
(98.2% nucleic acid, 98.9% amino acid) than are the two
isolates of ONN virus (96.5% nucleic acid, 97.9% amino
acid). All of the phylogenetic trees constructed with boot-
FIG. 1—Continued
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strap resampling analysis indicate that ONN 1996 and
Igbo Ora form a unique clade separate from ONN 1959 in
99–100% of the generated trees (Fig. 2). The phylogenetic
data indicate that ONN 1996 and Igbo Ora share a
common ancestor with ONN 1959. The phylogenetic
trees suggest that the recent ONN strain may have
originated from West Africa via Igbo Ora rather than from
the 1959 ONN virus.
As a group, the ONN strains (including Igbo Ora) differ
by ;25% at the nucleotide level and 16% at the amino
acid level from CHIK. Among other alphaviruses, se-
quence differences of this magnitude are normally asso-
ciated with differences between taxonomically unique
virus species (Tsai and Monath, 1996). CHIK is transmit-
ted by aedenine mosquitoes, is maintained in a forest
cycle by primates, and has a very widespread geo-
graphic distribution. In contrast, ONN virus is transmitted
during epidemics primarily by anopheline mosquitoes
and is limited to the African continent. Taken together,
the molecular, epidemiological, and ecological data sup-
port the ICTV classification of ONN as a separate virus
species rather than as a subtype of CHIK, as had been
previously reported by others (Tsai and Monath, 1996).
The presence of an opal termination codon (TGA)
between the nonstructural proteins nsP3 and nsP4 of
alphaviruses has been postulated to play a regulatory
role in the production of nsP4, the putative viral RNA
polymerase (Strauss and Strauss, 1994; Strauss et al.,
1988). Sindbis, Middleburg, RRV, Aura, and eastern, west-
ern, and Venezuelan equine encephalitis viruses all pos-
sess an opal termination codon. In contrast, ONN and
SFV viruses do not (Strauss and Strauss, 1994). Among
viruses that possess the termination codon, nsP4 pro-
duction occurs by readthrough of this opal codon, which
has been shown to occur 10–20% of the time with Sindbis
virus in cell-free translation systems (Li and Rice, 1993;
Strauss and Strauss, 1994). Readthrough of this codon is
dependent on the presence of a C residue immediately
after the termination codon (TGAC) (Li and Rice, 1993). In
contrast to the published ONN (1959) sequence, all of the
recent ONN virus strains at low passage possess the
opal codon in this position. Significantly, all of the recent
ONN isolates with the opal codon also possess the C
residue required for low-frequency readthrough. Some of
the initial sequencing data suggested that this opal ter-
mination codon was lost on passage in Vero cells. To test
this hypothesis, four of the recent ONN isolates that
possessed the opal termination codon were passed in
Vero cells for five generations. In every case, by the fifth
passage, the opal codon (TGA) was observed to change
TABLE 1
Nucleotide Sequence of ONN 1996–1997 Isolates at the nsP3–nsP4 Region
Virus Year Strain Passage historya
Sequence
glu leu arg leu
ONN 1959 Gulu/MP30b SMB-10; V-3; BHK-1 GAG-TTA-CGA-CTA
ONN 1959 Gulu/MP30b SMB-9 GAG-TTA-CGA-CTA
IgBo Ora 1968 IBH10964b P?-6; SMB-2 GAG-TTA-CGA-CTA
ONN 1997 1854c Mosquito/V-2 GAG-TTA-CGA-CTA
ONN 1996 UGH0508 V-1 GAG-TTA-CGA-CTA
ONN 1997 1854 Mosquito/V-1 GAG-TTA-YGAd-CTA
glu leu Stop leu
ONN 1997 1854 Mosquito GAG-TTA-TGA-CTA
ONN 1996 SG650 V-1 GAG-TTA-TGA-CTA
ONN 1996 27CA Human serum GAG-TTA-TGA-CTA
ONN 1996 27CA V-1 GAG-TTA-TGA-CTA
ONN 1996 11CA Human serum GAG-TTA-TGA-CTA
ONN 1996 11CA V-1 GAG-TTA-TGA-CTA
ONN 1996 17CA Human serum GAG-TTA-TGA-CTA
ONN 1996 17CA V-1 GAG-TTA-TGA-CTA
ONN 1996 UGH0508 Human serum GAG-TTA-TGA-CTA
ONN 1996 UGH0036 C6-1 GAG-TTA-TGA-CTA
ONN 1996 UGH0036 V-1 GAG-TTA-TGA-CTA
ONN 1996 UGH1001 Human serum GAG-TTA-TGA-CTA
ONN 1996 UGH1002 Human serum GAG-TTA-TGA-CTA
ONN 1996 MP16e Mosquito GAG-TTA-TGA-CTA
a SMB, suckling mouse brain; V, Vero cells; BHK, baby hamster kidney cells; C6, C6/36 Aedes albopictus cells; P?, unknown host; mosquito, original
mosquito homogenite in isotonic solution; human serum, separated human serum.
b Nucleotide sequence was redetermined for this table.
c 1854 is from Mansonia uniformis.
d Y is the I.U.B. code for both T or C residues at this position.
e MP16 is from Anopheles funestus.
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to the arginine codon (CGA), which is identical to the
published ONN sequence. In several instances at vari-
ous passage levels, both nucleotide peaks were clearly
observed in the sequencing chromatograms at this po-
sition, indicating that a mixed virus population containing
both the stop codon and the arginine codon was present.
Strauss et al. (1988) reported that the presence or ab-
sence of this opal termination codon was not related to
passage history; however, no original or first-passage
material was sequenced in their study. The ONN and
RRV strains that were sequenced were passed at least
five times in cell culture. It has been suggested that the
opal codon may be in equilibrium with the sense (arg)
codon (Strauss and Strauss, 1994). Our sequencing data
confirm this observation and further suggest that ONN
circulates as a viral quasispecies containing viruses with
both the sense and termination codons at this position.
Expression of either genotype may depend on selective
pressure placed on the viral population by the host.
Preliminary data suggest that the presence of the opal
codon may be a requirement for viral maintenance in
both vertebrate and invertebrate hosts and that a selec-
tive advantage is conferred in Vero cells for the sense
(arg) codon. Further studies to test this hypothesis are
under way in our laboratory.
MATERIALS AND METHODS
Virus isolation and stocks
ONN strain SG650 was isolated from the serum of a
17-year-old male on September 10, 1996, near Lake Ki-
janebalola, Rakai District, southcentral Uganda. The pa-
tient displayed clinical symptoms of ONN fever. The
remainder of the clinical samples analyzed in this report
were collected from individuals at various stages of clin-
ical illness, ranging from 1 to 20 days after the onset of
symptoms (from September 1996 through February 1997
in the Rakai District in Uganda). Whole blood samples
were centrifuged, and the serum was stored frozen until
sent to the laboratory. For virus isolation, 100 ml of undi-
luted serum or homogenized mosquito suspension was
inoculated into 25-cm2 flasks of Vero cells containing
DMEM with 10% fetal calf serum. Supernatant was har-
vested on days 3–5 when the cytopathic effect was
observed. ONN strain MP16 was isolated from a pool of
An. funestus mosquitoes, and ONN strain 1854 was iso-
lated from a pool of Mansonia uniformis mosquitoes.
Igbo Ora virus strain IBH10964 was obtained from the
World Health Organization Collaborating Center refer-
ence collection at the CDC Division of Vector-Borne
Infectious Diseases in Fort Collins, Colorado.
RNA extraction and RT-PCR amplification
RNA was extracted from either serum samples, tissue
culture fluid, 10% mouse brain suspension, or mosquito
homogenate by using the QIAamp Viral RNA kit (QIA-
GEN, Valencia, CA). A volume of 140 ml of starting ma-
terial was extracted according to the manufacturer’s pro-
tocol, and the RNA resuspended in a final volume of 100
ml of RNase-free water. To generate DNA templates for
sequencing, the entire RNA genomes of ONN and Igbo
Ora were converted/copied into six overlapping double-
stranded DNA fragments using the ONN-specific primer
pairs displayed in Table 3 in multiple RT-PCRs. The 39
ends of ONN and Igbo Ora virus were amplified by using
the poly(A)1 tail of the viral genomes in RT-PCRs with the
ONN-specific primer 11282 in combination with oligo(dT).
The 59 ends of both viruses were amplified by using the
59 RACE System kit (Life Technologies, Gaithersburg,
MD) and ONN-specific primers 466c and 311c. For partial
sequencing of additional ONN isolates in the nsP3–nsP4
region (see text), primers 5136 and 5989c were used in
RT-PCRs followed by sequencing. ONN-specific RT-PCR
primers were designed by using the primer select mod-
ule of the Lasergene Software Package with the pub-
lished sequence of ONN (1959) Gulu strain (Levinson et
al., 1990). Briefly, 10 ml of purified RNA was combined
with 200 pmol of ONN-specific primer, and the RT-PCR
was performed by using the TITAN One Tube RT-PCR kit
(Boehringer-Mannheim Biochemicals, Indianapolis, IN)
according to the manufacturer’s protocol. The resulting
TABLE 2
Nucleotide Sequence of ONN Vero Passages
in the nsP3–nsP4 Region
ONN virus strain Passage history
Sequence
glu leu Stop/arg leu
SG650 Human serum GAG TTA TGA CTA
SG650 Vero-1 GAG TTA TGA CTA
SG650 Vero-2 GAG TTA YGAa CTA
SG650 Vero-3 GAG TTA CGA CTA
SG650 Vero-4 GAG TTA CGA CTA
SG650 Vero-5 GAG TTA CGA CTA
17CA Human serum GAG TTA TGA CTA
17CA Vero-1 GAG TTA TGA CTA
17CA Vero-2 GAG TTA YGA CTA
17CA Vero-3 GAG TTA YGA CTA
17CA Vero-4 GAG TTA YGA CTA
17CA Vero-5 GAG TTA YGA CTA
11CA Human serum GAG TTA TGA CTA
11CA Vero-1 GAG TTA TGA CTA
11CA Vero-2 GAG TTA YGA CTA
11CA Vero-3 GAG TTA YGA CTA
11CA Vero-4 GAG TTA CGA CTA
11CA Vero-5 GAG TTA CGA CTA
1854 Mosquito suspension GAG TTA TGA CTA
1854 Vero-1 GAG TTA YGA CTA
1854 Vero-2 GAG TTA CGA CTA
1854 Vero-3 GAG TTA YGA CTA
1854 Vero-4 GAG TTA CGA CTA
1854 Vero-5 GAG TTA CGA CTA
a Y is the I.U.B. code for both T or C residues at this position.
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FIG. 2. Phylogenetic trees generated by parsimony analysis (PAUP) of aligned sequences of ONN strain SG 650 (ONN 1996), Igbo Ora virus strain
IBH10964 (IGBO ORA), ONN Gulu strain (ONN 1959), CHIK, SFV, and RRV. ONN 1959 (accession nos. M20303, M33999), CHIK (accession no. L37661),
SFV (accession nos. X04129, J02361, J02362, L00018, V01399, V01400, V01401), and RRV (accession no. M20162) sequences were obtained from
GenBank. The numbers displayed above the horizontal branches correspond to the number of nucleotide substitutions at phylogenetically informative
sites occurring between the terminal virus and the adjacent ancestral node. The numbers displayed in bold below and to the left of the nodes are
the bootstrap percentages (500 replications) for the clades supported to the right of the node. (A) Tree generated from the complete nucleotide
sequence. (B) Tree generated from the nucleotide sequence of the coding structural region of the viruses, including the capsid through E1 genes.
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DNA fragments were purified by electrophoresis on 1%
agarose gels, and the DNA bands were excised and then
isolated by using the QIAquick gel extraction kit (QIA-
GEN). The purified DNAs were adjusted to a concentra-
tion of 50 ng/ml in water.
DNA sequencing
Both strands of the purified DNAs were sequenced by
using the Taq DyeDeoxy Terminator Cycle sequencing
kit (Perkin-Elmer/Applied Biosystems, Foster City, CA)
with a total of 73 ONN-specific primers spaced ;400
bases apart on the genome (primer sequences available
on request). ONN-specific sequencing primers were de-
signed with the primer select module of the Lasergene
Software Package by using the published sequence of
ONN Gulu strain (Levinson et al., 1990). Cycle sequenc-
ing was performed by combining 8 ml of agarose gel-
purified DNA (400 ng; ;0.2 pmol) with 30 pmol of ONN-
specific primer according to the manufacturer’s protocol.
Phylogenetic analysis
Overlapping nucleic acid sequences obtained from
the individual sequencing reactions were combined for
analysis and editing by using the SEQman module of
Lasergene (DNASTAR, Madison, WI). The complete ge-
nomes for ONN 1996, Igbo Ora, ONN 1959, SFV, and RRV
were aligned by using the PILEUP algorithm of the Wis-
consin Sequence Analysis Package (version 9.1, Genet-
ics Computer Group, Madison, WI). In addition, both the
nucleotide and amino acid sequences of the individual
coding genes for these viruses (nsP1, nsP2, nsP3, nsP4,
capsid, E3/E2, 6K/E1) were aligned by using the same
algorithm. In the alignments of the structural genes, CHIK
was also included. Phylogenetic trees were constructed
from the nucleotide and amino acid data using the par-
simony-based algorithm PAUP (Swofford, 1991) with the
entire genome as well as the individual coding genes
with bootstrap resampling analysis (500 replications).
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